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FINAL  REPORT 


Statement  of  the  Problems  Studied: 

(1)  Ilie  Fungal  Poly(3-hydroxybut}Tate)  depolymcrase  from  PenicUliiim 
J'nnicolitsiini:  Purification,  Characterization  and  Mechanistic  Studies. 

This  woi  k  was  carried  out  to  gain  a  better  understanding  of  the  structure,  mecluuiism  and 
specificity  of  enzymes  which  degrade  natural  poly(P-hydroxybutyrate),  PHB. 

(2)  Effects  of  Crystalline  Ordering  and  Polymer  Chain  Stereochemisti-y  on  The 
Enzymatic  Degradability  of  Polymers  in  the  Solid  State: 

Establish  the  relationship  between  tlie  rate  of  enzymatic  polymer  degradation  and;  (1)  tlie 
crystalline  order  of  tlie  insoluble  polymer  substrate,  (2)  tlie  polymer  repeat  unit 
stereochemistry.  These  studies  were  carried  out  to  understand  the  stereochemical 
specificity  of  PHB  depolymerases  while  determining  the  ability  of  these  enzjniies  to 
degrade  higlily  ordered  crystalline  sample  regions. 

(3)  Cellulose  Acetate  (CA)  Degrading  Microorganisms;  Isolation  and 
Characterization 

The  isolation  and  characterization  of  microorganisms  capable  of  degrading  tlie  modified 
cellulose  derivative  cellulose  acetate  (CA).  This  study  was  undertaken  since,  prior  to  oui' 
investigations,  it  was  believed  tliat  althougli  water  soluble  CA  was  biodegradable,  CA 
\\  till  O  .S  woir  not.  It  ::ocito  <l  likriy  l<>  ii;:  lhal  an  ;  i  xi  a  in 

nature  lliat  could  function  to  initially  deacetylate  cellulose  acetate  to  a  sulTiciently  low 
degree  of  substitution  (DS)  so  tliat  cellulase  enzjTnes  would  tlien  be  capable  of  cleaving 
deacetylated  CA  polymer  cliains. 

(4)  Biodegradability  of  CA  In  Laboratory  Scale  Bioreactors  Under  Aerobic 
Thermophilic  Conditions. 

The  biodegradability  of  water  insoluble  CA  with  substitutions  of  1.7  and  2.5  when 
exposed  to  mixed  microbial  sj'stems  was  studied.  To  carry  out  tliis  work,  biological 
environments  were  created  on  a  laboratory  scale  which  simulate  disposal  envuonmenls 
such  as  comixtsts.  Thus,  CA  biodegradability  was  studied  in  aerobic  tliermophilic 
conditions  using  a  tliverse  inoculum  source.  The  study  was  undertaken  to  determine 
wlieiher  sufficient  activity  exists  in  the  mixed  culture  microcosms  to  facilitate 
ix)lysaccharide  ester  mineralization. 


DTIC  QUALITY  II\rSr£CTED  S 


Acce'.ioii  For 

NTIS  CRA&I  ^ 

DTIC  t.-.c  □ 

-rLCt  ^ 

JiJStit.cjlior, 

By 

D.  t  ibntlO  '  ! 

Sutn/nary  of  the  Most  Important  Results  Obtained 

Since  clclailed  documentation  of  llie  results  obtained  during  tlie  funding  period  liave 
already  been  communicated  to  tlie  U.  S.  Army  Research  Office  tlirough  Teclinical 
Progress  Reports,  submission  of  manuscripts  and  reprint  articles,  the  results  of  our 
findings  ;u  c  briefly  simimarized  below. 

(1)  llic  Fungal  Poly(P-hydioxybut)Tatc),  PUB,  depolymerase  from  Penici/iium 
funicolasion:  Purification,  Characterization  and  Mechanistic  Studies. 

The  depol)Tnerase  from  Penicilliwn  funicohisum  was  purified  using  a  hydiophobic 
Norlcucine  Sepharose  column  to  homogeneity  as  shown  by  SDS-PAGE.  The 
depofiTneiase  has  a  pi  value,  pH  and  temperature  optimum  of  5.8,  6.0  and  30^0, 
respectively,  d'lie  enzyme  is  a  monomer  widi  a  molecular  weiglit  of  38,000  as 
determined  by  gel  filtration  using  a  Sephadex  G-lOO  superfine  column.  A  compaiison  of 
the  fungal  exocnzjTne  from  P  fwiiculosum  widi  two  other  PHB  deiiolymcrase  enzyme 
systems  of  bacterial  origin  showed  important  differences  in  both  enzyme  structiu  e  and 
mechanism.  The  depolymerase  from  P.  funicnloswn  was  deactivated  by  DAN,  EPNP 
and  DFP  suggesting  tliat  tlie  exocnzyme  is  a  serine-protease.  Extensive  studies  of 
substrate  molecular  weight  and  structural  composition  on  tlie  Vj^ax  '^m  values  were 
reported.  Of  particular  interest  was  decreased  Kjn  at  lower  substrate  molecular  weights, 
increased  enzyme  reactivity  on  iv^ly(p-hydroxybutyrate-co-P-hydroxyvalerate),  P(HB- 
co-H\0,  copolymers  which  contain  16  mol  %  p-hydroxywalerate,  HV,  repeat  units 
relative  to  PHB  homopolymers  and  a  lack  of  activity  of  tliis  enzyme  on  poly(e- 
caprolactone).  This  latter  point  was  paiticularly  interesting  since  tlie  fungus  P. 
fwiiculosum  from  wliich  the  PHB  depolymerase  enzyme  was  derived  is  capable  of 
growth  and  degradation  of  poly(e-caprolactone).  Finally,  we  foimd  tliat  the  PHB 
depolymerase  from  P  fwiiculosum  is  a  glycoprotein.  Analysis  of  tlie  carbohydiate 
component  of  diis  depolymerase  showed  tliat  it  contained  maiuiose,  galactose  and 
glucose  in  a  ratio  of  39:32:12. 
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(2)  Efftcfs  of  Crystalline  Ordering  and  Polymer  Chain  Stereochemistry  on  The 
Knzyiiiatic  Degradability  of  Seini-Crystallioc  Water  Insoluble  Polymer  Substrates 

Relative  rates  of  enz>Tne  catalyzed  degradation  for  natural  PHB  pol^Tner  substrates 
lurving  differing  degrees  of  crystalline  order  was  measured  by  exposing  samples  to  die 
depolymerase  from  P.  funiculosum  and  monitoring  die  decrease  in  pH.  This  new  mediod 
for  obtaining  rates  of  initial  surface  degradation  was  found  to  be  exdemely  sensitive  and 
infornuitive.  When  die  sample  crystallinity  was  decreased  from  approximately  CO  to  5 
%,  the  rate  of  initial  surface  degradation  increased  by  approximately  an  order  of 
magnitude.  In  addition,  large  differences  in  die  rate  of  enzymatic  degradation  for  PHB 
samples  annealed  tmder  different  conditions  was  observed.  These  studies  served  to 
dcfiiie  tlie  important  relationsliip  between  the  crystalline  order  of  die  water  insoluble 
pol>mer  subshate  PHB  and  the  corresiionding  activity  of  a  PHB  depolymerase  enzyme. 
More  specifically,  the  activity  of  polymer  depolymerase  enzyme  may  be  dramatically 
increased  by  decreasing  the  crystalline  order  of  the  subshate  polymer. 

These  shidies  were  continued  by  investigating  die  interplay  between  effects  of 
crystalline  order  and  polymer  stereochemistry  on  die  enzjmatic  degradability  of  PHD. 
As  llu-  ler.s  priTenvd  (liy  llic  P  fnnirulnsuni  PHB  dc|'>oLnncrasc')  [.S]-ropoal  unit 
stereocheniistry  is  introduced  in  increasing  amounts  in  a  ixilyiner  chain,  it  is  expected 
diat  the  enzymatic  degradation  rate  due  to  stmctural  effects  will  dec  ease.  For  this  same 
experiment,  increased  [S] -repeat  unit  content  in  a  PHB  polymer  cliain  widi 
predominantly  [R] -repeat  units  may  result  in  increased  degradation  if  one  considers  oidy 
die  corresponding  destruction  of  crystalline  order  in  films  prepared  from  ]X)lymers  of 
lower  stereoregidarity.  In  odier  words,  in  die  experiment  with  die  chosen  polymer  and 
enzyme  system,  decreasing  die  stereochemical  purity  of  [R]-PHB  is  exiiected  to  result  in 
opiiosing  eflects  on  die  rate  of  enzyme  degradation  due  to  shuctural  and  crystalline  order 
changes,  resjxrctively.  In  our  work  we  studied  which  of  dicse  two  opposing  eflects  is 
dominant.  This  research  was  carried  out  using  a  series  of  PHB  stereoisomers  which  were 
prepared  by  ring-opening  polymerization  methods.  These  polymer  stereoisomers  wei  e 
then  exposed  to  die  P.  fwiiculosum  depolymerase  enzyme  to  measiue  the  initial  siuface 
degradation  rates.  It  was  found  that  diamatically  increased  rates  of  enzymatic  attack  on 
PHB  substiates  were  observed  when  a  critical  degree  of  disiuption  of  die  sample 
crystalline  order  was  achieved  in  PHB  stereocopolymer  samples.  More  specifically,  at  a 
PHB  sicreochemical  comixisition  of  77  %-[R]-PHB  an  unexpectedly  large  increase  in 
rale  was  observed  relative  to  an  81  %-[R]-PHB  sample.  In  die  range  of  85  to  95  %-[R]- 
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icpoat  units  a  decrease  iu  rate  was  observed  relative  to  tlie  100  %-[R]-PHB  sample  so 
that  ill  iliis  range  of  pol>Tiier  repeat  unit  stereochemistries,  tlie  dominant  effect  on  rate 
was  stnictuial  as  opposed  to  effects  of  cr>'stalline  order.  This  work  demonshated  how 
the  specificity  of  enzymes  towards  a  specific  repeat  unit  stereochemistry  as  well  as  the 
ijicreaso  in  enzjnie  activity  on  potjaner  substrates  of  relatively  lower  crystallinity  can  be 
used  as  a  sensitive  mechanism  to  control  tlie  rate  of  poljnier  enzyme  catalj'zed 
tlegradation. 
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(3)  Cellulose  Acetate  (CA)  Degrading  Microorganisms:  Isolation  and 
Cliaraclerization 


The  organisms  Pseudomonas  paucimobilis  and  Pseudomonas  putida  were  isolated  in  our 
laboratory'  from  a  compost  and  soil  inocula,  rcsjjectively,  using  liiglily  porous  CA  (degree 
of  substitution,  DS,  =  2.0)  filters.  These  bacteria  were  capable  in  liquid  brotli  cultures  of 
deriving  carbon  and  energy  for  growlli  from  CA  witli  DS  values  of  1 .7  and  2.5.  A  Gram 
negative  rod  was  also  isolated  as  a  contaminant  of  P.  Paucimobilis  growing  in  liquid 
culture  on  CA  1 .7  powder  wliich  was  identified  as  Pseudomonas  acidovorans  using  tlie 
API  system.  The  degradation  of  CA  DS  2.0  filters  was  used  in  die  above  work  as 

a  visual  mediod  to  determine  activity  of  die  culture  for  CA  degradation.  Filters  wliich 
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liad  Ixen  incubated  witli  tlie  microbial  isolates  were  then  analyzed  by  scanning  electron 
microscopy  (SEM)  and  phase  contrast  microscopy  to  study  microbial  colonization  and 
erosion  at  tlie  filter  surface.  These  shidies  further  confirmed  tliat  tlie  CA  degrading 
isolates  are  capable  of  utilizing  CA  as  a  sole  carbon  source.  The  CA  degrading  bacterial 
isolates  were  grown  both  in  pure  cultures  and  in  various  combinations  on  CA  substrates. 
In  addition,  tlie  ability  of  tliese  bacteria  to  utilize  carbon  sources  such  as  glucose, 
ccllobiose,  maltose  gentiobiose,  fructose,  galactose,  lactose,  sucrose,  acetate,  cellobiose 
octaacetate,  cellulose,  CA  DS  1.7  and  CA  DS  2.5  was  evaluated. 

From  tlie  growth  characteristics  of  CA  degrading  microorganism  on  tlie  above 
carbon  sources  in  addition  to  assays  for  enzyme  activity  and  degradation  products  in 
culture  supernatants,  preliminary  information  on  the  ability  of  Uie  CA  degrading  isolates 
to  carry  out  CA  deacetylation  and  subsequent  chain  cleavage  of  tlie  partially  deacetylated 
jiiLKiucts  was  obtained.  One  interesting  result  of  Uiis  work  is  tliat  P.  putida  can  fimction 
to  deacetylate  CA  but  cannot  fuitlier  degrade  tlie  deacetylated  (cellulose)  product.  Also, 
it  was  foiuid  tliat  P.  acidovoraiis  can  out  grow  P.  paudmobilis  when  the  carbon  source  is 
of  relatively  liigher  DS  (2.5  and  2.8)  whereas  P.  acidovoraiis  is  relatively  slower  in 
growth  on  CA  DS  1.7.  Tliis  is  consistent  with  Uie  inability  of  P.  acidovoraiis  to  utiliz.e 
cellulose.  It  is  lijqxithesized  at  present  tliat  P.  acidovoraiis  in  mixed  cultuies  witli  P. 
pattciinobilis  functions  primarily  to  carry  out  deacctylation.  Fuhue  smdies  on  these 
microorganisms  in  piu'e  and  mixed  culhues  as  well  as  purification  and  chaiacterizatioii  of 
extracellular  enzymes  produced  by  tliese  bacteria  will  be  requued  to  obtain  detailed 
information  of  tlie  operative  mechanism(s)  of  CA  biodegradation. 


References'. 


(1 )  Jalingen,  E.,  Nelson,  M.,  Gross,  R.,  "Isolation  and  Study  of  Cellulose  Acetate 
Degrading  Microorganisms",  Manuscript  in  preparation. 

(2)  Gross,  R.  A.  Teclmical  Progress  Report,  ARO  Proposal  #  27314-LS,  July  1  1992  - 
December  31  1992. 

(3)  Gross,  R.  A.,  Gu,  Ji-D.,  Eberiel,  D.  T.,  Nelson,  M.,  and  McCaitliy,  S.  P.,  "Cellulose 
Acetate  Biodegradability  in  Simulated  Aerobic  Composting  and  Anaerobic 
Dioreactor  Environments  as  well  as  by  a  Bacterial  Isolate  Derived  From  Comixist",  in 
Fundamentals  of  Biodegradable  Materials  and  Packaging,  Eds.  D.  Kaplan,  E.  Thomas 
and  C.  Ching,  Teclmomic  Publ.  Co.  Inc.,  Lancaster,  PA,  In  Print. 

Scientijic  Personnel. 

Marjory  Nelson,  Post-doctoral  fellow 

Advanced  Degrees  Earned'. 


None 


5 


(4)  BlodcjiradabilUy  of  CA  In  Laboratory  Scale  Bioreactors  Under  Aerobic 
Tlicriuophilic  Conditions. 

Residual  cellulose  acetate  (CA)  films  witli  initial  degree  of  substitution  (DS) 
values  of  1 .7  and  2.5  were  recovered  from  a  simulated  thermophilic  compost  e.xposure 
and  characterized  by  gel  permeation  cliromatography  (GPC),  proton  nuclear  magnetic 
resonance  H  NMR),  and  by  scanning  electron  microscopy  (SEM)  to  determine  clianges 
in  pol>aner  molecular  weiglit,  DS,  and  microbial  colonization  and  surface  morphology, 
resix;ctivcly.  During  the  aerobic  degradation  of  CA  DS-1.7  and  CA  DS-2.5  films 
e.xposed  for  7  and  18  days,  respectively,  tire  number  average  molecular  weight  (Mjj)  of 
residual  jX)lynaer  decreased  by  30.4  %  on  day  5  and  20.3  %  on  day  16,  respectively. 
Fui  tliermore,  a  decrease  in  tlie  degree  of  substitution  from  1.69  to  1.27  (4  day  e.xposure) 
and  2.51  to  2.18  (12  day  exposure)  was  observed  for  the  respective  CA  samples.  In 
contrast,  CA  films  (D.S  1.7  and  2.5)  which  were  exj>osed  to  abiotic  control  vessels  for 
idenlieal  lime  periods  showed  no  sigiiilicaiil  cluuiges  in  Mjj.aiid  DS.  SEM  pliologiaphs 
of  CA  (DS  1.7  and  2.5)  film  surfaces  after  compost  exixisirres  revealed  severe  erosion 
and  corresponding  microbial  colonization.  Similar  exposure  times  for  CA  films  in 
abiotic  conhol  vessels  resulted  in  only  minor  changes  in  surface  characteristics  by  SEM 
observations.  The  conversion  of  CA  DS-1.7  and  DS-2.5  to  CO2  was  monitored  by 
respirometry.  In  these  studies,  powdered  CA  was  placed  in  a  predigested  compost  matrix 
wliich  was  maintained  at  53°C  and  60  %  moisture  content  throughout  tire  incubation 
period.  A  lag  phase  of  10  and  25  day  duration  for  CA  DS-1 .7  and  -2.5,  respectively,  was 
observed  after  which  tlie  rate  of  degradation  increased  rapidly.  Mineralization  of 
exposed  CA  DS-1.7  and  -2.5  powders  reported  as  tlie  percent  theoretical  CO2  recovered 
reached  72.4  %  and  77.6  %  in  24  and  60  da>'s,  respectively.  The  results  of  tliis  study 
demonstrated  tliat  microbial  degradation  of  CA  films  exposed  to  aerobic  tliermophilic 
laboratory  scale  compost  reactors  not  only  results  in  film  weight  loss  but  also  causes 
severe  film  pitting  and  a  corresponding  decrea.se  in  chain  Mj|  and  degree  of  substihition 
for  the  residual  material.  Fmtlieimore,  the  mineralization  of  CA  (1.7  and  2.5  DS)  to 
gi  eater  tlian  70%  of  tlie  theoretical  carbon  was  documented. 
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